(here 20
• ), and over this length the stream counts are assumed to have uniform probability. Perpendicular to the stream model, the properties of all observables are taken to be Gaussian, so the model has a Gaussian physical width, a Gaussian dispersion in both proper motion directions, and a dispersion in distance modulus. The width and velocity dispersion parameters are chosen to be similar to the properties of known globular cluster streams. The algorithm returns the best-fit orbit for a given data point, the number of stars in the corresponding putative stream and the likelihood value relative to the model where the stream fraction is zero. By choosing those stars with stream solutions above a high significance level (8σ in the present case), one can immediately derive a map of stream structures.
Because the Gaia parallaxes are relatively poor at constraining the distances to the survey stars, we use stellar populations models to convert the excellent Gaia photometry into trial line of sight distance values. To this end, we adopted the PARSEC isochrone models 24 , and our resulting maps are valid for a particular choice of population age and metallicity. To date, the STREAMFINDER has allowed us to discover 14 new streams 11, 25, 26 , although we have so far assumed only a relatively narrow range of template stellar populations properties, due to the extremely high computational cost of the algorithm.
One of the structures we have identified in our stream map derived using a stellar population template of metallicity [Fe/H] = −1.6 and age 12.5 Gyr is the "Fimbulthul" stream 11 , an Table 1 . Note that the stars still bound to ω Cen itself did not contribute in any way to the identification of this stream, as prior to running the detection software, we excised all stars from the input Gaia DR2 catalogue that lie within two tidal radii of all known globular clusters 1 (i.e., the white region within 1
• .6 of ω Cen in Figure 4b ).
Fortunately, two of the candidate stream members identified by the STREAMFINDER (Figure 1e, orange points) have their radial velocities measured by the Gaia Radial Velocity Spectrometer (RVS; these measurements are only available for the very brightest stars with G < ∼ 12.5 in Gaia DR2). We fitted the sky-position, parallax, proper motion and radial velocity data of this sample of 309 stars using an orbit model (dotted line). Such a model is too simplistic if the progenitor of the stream is massive, because it does not take into account the large energy required to escape from a massive cluster (hence the escaping stars do not have the same orbital properties as their progenitor system). However, this nevertheless gives a first approximation of the orbital path and orbital properties of the stream. With the adopted Galactic mass model, the orbit fitted with a Markov Chain Monte Carlo procedure 26 has a pericenter distance of 1.50 ± 0.01 kpc, an apocenter distance of 6.53 ± 0.01 kpc and has highly retrograde motion with L z = 490 ± 1 km s −1 kpc. We immediately noticed that these orbital properties are close to those recently-deduced 27 for the massive globular cluster ω Cen (continuous line orbit in Figure 1 ) from Gaia DR2 data.
We were able to obtain spectroscopic observations (see Methods) of six candidate member stars of the Fimbulthul stream with the ESPaDOnS high-resolution spectrograph on the CanadaFrance-Hawaii Telescope (CFHT). While one exposure was of insufficient signal-to-noise to yield a radial velocity measurement, all five others are found to be tightly grouped in radial velocity, confirming the reality of the Fimbulthul discovery. Four of the spectra are of sufficient quality to also allow metallicity measurements from the Ca II infrared triplet, and yield values between
[Fe/H] = −1.36 ± 0.11 to −1.80 ± 0.11, consistent with an intrinsic metallicity dispersion, as would be expected for members of a population that was tidally disrupted from ω Cen. The results of these follow-up observations are summarised in Table 2 .
We ran a series of N-body simulations of the tidal disruption of a system similar to ω Cen (see Methods), trying to reproduce the observed structure. The cluster progenitor was modelled as an axisymmetric system including internal rotation 28 . There is very little freedom in the choice of orbit, given that even the line of sight distance to the cluster has recently been very well measured with RR Lyrae variable stars 29 . Figure 2 shows the end-point of the best simulation in the set.
The blue points in Figure 2b are the simulation particles that are spatially coincident with the Fimbulthul stars (also shown in blue in Figure 1 ).
The measured proper motions of the Fimbulthul stars along the right ascension direction µ 1e). The correspondence between this N-body model of ω Cen and the detected stream provides strong evidence that the Fimbulthul stream is the long-searched for (trailing) tidal arm of ω Cen.
As we show in Figure 3a , the stellar population in the Fimbulthul stream is very similar to that of ω Cen, which provides further evidence for the link between these two structures.
In our initial N-body explorations we modelled the cluster progenitor with a simple (nonrotating) King model, which cannot account for the complex internal dynamics of ω Cen 3 , which is rotating and significantly flattened. The resulting N-body stream was substantially wider than the observed Fimbulthul stream; this shows that it is important to model the internal dynamics of the progenitor correctly, but also that observations of the structure and kinematics of the stream may allow us to deduce the past internal properties of the progenitor.
Our aim with these simulations is to illustrate the discovery of the stream and its connection to ω Cen. The full modelling of the structure in such a way as to reproduce faithfully the observations is beyond the scope of this contribution. Such modelling is very challenging because the precise morphology of a stream depends sensitively on the Galactic potential, and on the dynamical properties of the progenitor, including complex details such as its original shape and rotation properties. It may also require modelling the effects of time-dependent substructure in the Galaxy, such as the bar 30 and spiral arms, as well as the effect of dynamical friction. We defer trying to obtain a good quantitative fit to the Fimbulthul stream to a future study.
We noticed that the kinematic behaviour of the particles in the N-body simulation that have just begun to leave ω Cen is very simple: they share approximately the same µ δ as the cluster, and display an approximately linear gradient in µ α as a function of b (decreasing by ≈ 0.125 mas/yr for every degree in Galactic latitude). Using this prediction, we selected stars from the Gaia DR2
catalogue with proper motion measurements within 1 mas/yr (i.e. ≈ 26 km s −1 ) of these criteria (we additionally required the parallax uncertainty to be less than 1 mas, and for the parallax measurements to be consistent within 1σ with a distance in the range [4, 6] Although several surveys have detected clumps of stars at numerous locations around the sky [31] [32] [33] [34] [35] [36] [37] with angular momentum properties that would be expected from the tidal debris of the progenitor of ω Cen, this is the first discovery of the actual tidal arms of the globular cluster. This confirms that ω Cen is the most massive tidally-disrupting globular cluster in our Galaxy. The N-body models we have run suggest that the system has been disrupting for at least ≈ 5 Gyr, as shorter disruption times did not produce a feature similar to Fimbulthul. The models also suggest that there should be a substantial amount of debris elsewhere in the Galaxy (Figure 2a) , which is mostly located at low Galactic latitude where it may be challenging to detect.
In future work it will be interesting to build on the findings reported here to devise a disruption model that can fully reproduce the tidal arms we have uncovered while simultaneously fitting accurately the remnant cluster. We expect that this may also require a more accurate model of Table 2 were observed with the ESPaDOnS spectrograph at the CFHT by observatory staff on the nights of the 24th, 25th and 28th January 2019. Two of these stars already had Gaia RVS velocity measurements, but were re-observed in order to obtain a more accurate radial velocity and to measure the chemical abundances of these stars. The targets were observed in "star+sky" mode, yielding very highly-resolved spectra (R = 68000) from 369 to 1048 nm. The Libre-ESpRIT pipeline 38 was used to reduce the data, resulting in extracted and wavelength-calibrated spectra, with a normalised continuum. We measured the velocities of the target stars by cross-correlating their spectra against a spectrum of the radial velocity standard star HD182572, using the fxcor command from the PyRAF package. Due to poor signal-to-noise, we were not able to measure the radial velocity of one of the stars (CFHT exposure number 2373599), however all others show a tight velocity grouping ( v helio = 199.7 km s −1 with root mean square scatter of 5.4 km s −1 ). This confirms the stream discovery, and suggests that the sample of Fimbulthul stream candidates listed in Table 1 is not substantially contaminated.
The metallicities of the stars were derived from the equivalent widths of the Ca II triplet lines. The calibration we used 39 requires knowledge of the V-band magnitude of the targets with respect to the horizontal branch. To this end we assumed that the absolute magnitude of the horizontal branch 40 is V HB = 0.60 mag, and used colour-transformations 41 to convert magnitudes in the Gaia photometric bands to the V-band. For two stars (CFHT exposures 2373598 and 2373599) the spectra were of insufficient quality to allow a metallicity measurement. The other four spectra have excellent signal-to-noise, however, and result in metallicity measurements where the dominant source of uncertainty comes from the poorly-constrained distance. The metallicity values listed in Table 2 were derived assuming a mean distance to these stars of 4.1 kpc, as predicted by the STREAMFINDER algorithm (using the stellar populations template with a metallicity of [Fe/H] = −1.6 and an age of 12.5 Gyr). If instead we assume a common distance of 3.4 kpc (corresponding to the mean parallax derived above, but which as we mentioned, may be affected by contamination) the metallicities change by +0.11 dex. This difference provides a plausible level of uncertainty on these metallicity measurements.
Simulation Details The N-body model constructed here was simulated using the NEMO software package 42 . A realistic Galactic potential model 43 was used throughout this work ('model 1' of Dehnen & Binney 1998), which consists of a disk, a thick disk, an interstellar medium, a bulge and a halo component. To perform the coordinate transformations between the models and observations, we assumed that the Sun is located 8.122 kpc from the Galactic centre 44 and 17 pc above the Galactic mid-plane 45 . We take the circular velocity at the Solar neighbourhood to be 220.0 km s −1 , and correct for the peculiar velocity of the Sun 46 .
To model the progenitor cluster of ω Cen, we used a distribution function model that was fit to the present day structure and kinematics of the cluster, and that is also able to fit the observed strong rotation in the system. This family of rotating models 47 has been specifically designed to describe the internal dynamics of axisymmetric systems, characterized by internal differential rotation and pressure anisotropy, and therefore it constitutes a significant improvement to the simple spherical Gaia DR2 proper motions 48 . A total of 10 5 particles were simulated. This model was advanced forward in time using the gyrfalcON N-body integrator 49 using a softening length for gravitational forces of 1 pc, and a minimum time step of 2 −18 Gyr.
The radial velocity and proper motion of ω Cen are now extremely well-measured 27 , and the distance to the cluster (d = 5630 ± 100 pc) is also reasonably well constrained 29 . We first used these values to integrate an orbit backwards in time to find a first approximation to the starting position and velocity that could be used to initialize the N-body model to allow us to integrate it forwards in time to the present day. However, due to self-gravity, the dynamics of a stellar stream is non-linear, and so it can be challenging to find good initial conditions of a model that will reproduce an observed stream and remnant. Finding such initial conditions becomes harder as the total disruption time increases. The approach we took was to search for the minimum disruption time (i.e. the integration time, in increments of 0.5 Gyr) consistent with the formation of the Fimbulthul structure. For each chosen total integration time, we surveyed many dozens of phasespace starting points in our efforts to recover a cluster with the observed present day radial velocity,
proper motion and distance as ω Cen. The comparisons between the models and the observations were performed visually, attempting to find the best positional and kinematic match of the N-body stream at the sky position of ω Cen and the Fimbulthul structure.
In our best simulation, the material that makes up the Fimbulthul stream was removed from the cluster relatively recently (∼ 0.4 Gyr ago). However, we found that we require the gravi- convergence by re-running the model that best fits the stream with 10 6 particles, which showed a qualitatively identical distribution of stream stars as the 10 5 particle simulation. We stress that this modelling effort is exploratory and is intended to show that the Fimbulthul stream is very likely the tidal stream of ω Cen; it is not a comprehensive quantitative survey of the dynamics of this system.
Data availability The Gaia DR2 data on which this study was based are available at https:// www.cosmos.esa.int/web/gaia/dr2. The Fimbulthul stars shown in Figure 1 are listed in Table 1 . 
